Herbivore feeding elicits defense responses in infested plants, including the emission of volatile organic compounds that can serve as indirect defense signals. Until now, the contribution of plant tissue wounding during the feeding process in the elicitation of defense responses has not been clear. For example, in lima bean (Phaseolus lunatus), the composition of the volatiles induced by both the insect caterpillar Spodoptera littoralis and the snail Cepaea hortensis is very similar. Thus, a mechanical caterpillar, MecWorm, has been designed and used in this study, which very closely resembles the herbivorecaused tissue damage in terms of similar physical appearance and long-lasting wounding period on defined leaf areas. This mode of treatment was sufficient to induce the emission of a volatile organic compound blend qualitatively similar to that as known from real herbivore feeding, although there were significant quantitative differences for a number of compounds. Moreover, both the duration and the area that has been mechanically damaged contribute to the induction of the whole volatile response. Based on those two parameters, time and area, which can replace each other to some extent, a damage level can be defined. That damage level exhibits a close linear relationship with the accumulation of fatty acid-derived volatiles and monoterpenes, while other terpenoid volatiles and methyl salicylate respond in a nonlinear manner. The results strongly suggest that the impact of mechanical wounding on the induction of defense responses during herbivore feeding was until now underestimated. Controlled and reproducible mechanical damage that strongly resembles the insect's feeding process represents a valuable tool for analyzing the role of the various signals involved in the induction of plant defense reactions against herbivory.
Herbivorous arthropods, mainly insect larvae, represent a major challenge for plants in their natural environment. For defense against herbivorous insects, plants are endowed with both constitutive and inducible mechanisms. Constitutive defense mechanisms are represented by physical barriers, such as cuticles, thorns, and trichomes, or preexisting secondary metabolites that are harmful or even toxic to the insect. Inducible defense involves biosynthetic processes and/or the up-regulation of gene expression. Moreover, defense mechanisms can be divided into direct and indirect responses (for review, see Gatehouse, 2002; Kessler and Baldwin, 2002; Van Poecke and Dicke, 2004) . A direct defense element, such as a proteinase inhibitor, affects by itself the feeding insect. In contrast, an indirect defense mechanism eventually results in attraction of predators and parasitoids of the particular herbivores feeding on the infested plant (Kessler and Baldwin, 2002 ). An intensively studied example of an inducible, indirect defense response is the synthesis and emission of volatile organic compounds (VOCs), which are employed in the attraction of carnivorous insects searching for their prey (Walling, 2000; Gatehouse, 2002; Kessler and Baldwin, 2002 ). The insect feeding-induced emission of VOCs has been demonstrated for several plant species (for overview, see Van Poecke and Dicke, 2004) , including maize (Zea mays; Turlings et al., 1990) , cotton (Gossypium hirsutum; Rö se et al., 1996) , lima bean (Phaseolus lunatus; Dicke et al., 1990; Ozawa et al., 2000) , and tobacco (Nicotiana attenuata; Kessler and Baldwin, 2001) .
Recently, from oral secretions of feeding insects, herbivore-specific compounds have been isolated with elicitor capabilities, e.g. certain enzymes (Glc oxidase, Felton and Eichenseer, 1999; b-glucosidase, Mattiacci et al., 1995; and alkaline phosphatase, Funk, 2001) or fatty acid-amino acid conjugates such as volicitin (Alborn et al., 1997) . Some of these elicitors exhibited high VOC-inducing activities when added to certain mechanically wounded plants (Mattiacci et al., 1995; Alborn et al., 1997; Landolt et al., 1999; Halitschke et al., 2001; Schmelz et al., 2001 Schmelz et al., , 2003 . The general structures of the fatty acid-amino acid conjugate-signaling compounds have been determined as N-acyl-Glns, where the fatty acid moiety is represented mainly by linolenic acid (C18:3), linoleic acid (18:2), and their derivatives (Alborn et al., 1997; Pohnert et al., 1999; Spiteller and Boland, 2003) . However, these insect-derived elicitors are not generally active, as in lima bean and cotton, and no induction of VOCs could be demonstrated (Spiteller et al., 2001 ). Nevertheless, a detergent-like effect of exogenously added N-acyl-Glns on the cytosolic calcium signature in soybean cell cultures could be shown (Maffei et al., 2004) . Thus, the relative contribution of both the insect elicitors and the feeding event to the induction of the VOC emission response is not that clear.
Almost all herbivores, in particular chewing insects, cause substantial injury to the site of their attack. Such mechanical wounding of plant tissues is an inevitable consequence of herbivory, although the intensity and extent of damage is different and may vary with the mode of feeding, e.g. sucking or chewing. Of course, in all studies analyzing the effects of insect feeding or insect elicitors on volatile responses, control experiments with wounded plants have been performed using either a razor blade for scratching the leaf (Turlings et al., 1990; Schmelz et al., 2001; Spiteller et al., 2001 ), a forceps for crushing the leaf (Reymond et al., 2000) , or a pattern wheel for puncturing the leaf (Halitschke et al., 2001) . However, it is questionable whether or not these treatments indeed resemble insect feeding for at least two reasons: (1) the extent of damaged tissue and (2) the different time of treatment. The plant might recognize and discriminate a continuously sustained damage by feeding insects from mechanical wounding that was set only once.
To address this question, we first compared the blend of VOCs emitted from lima bean leaves due to treatments by unrelated herbivores, caterpillars and snails, which feed on the plant in completely different ways. Moreover, we introduce a mechanical caterpillar (MecWorm) that was engineered to execute permanent damage over a long time period, mimicking real insect feeding. Using this mechanical caterpillar, we have been able to analyze the impact of various parameters, such as time or size of wounding, with respect to the induction of VOCs.
RESULTS

Induction of Volatiles by Snails and Insect Larvae
Volatile synthesis and emission has been investigated mainly in response to feeding insects or spider mites (Walling, 2000) . To analyze whether VOC formation in plants represents either a general reaction upon herbivore feeding or a unique reaction arising only upon insect infestation, we compared the VOC blend of lima bean leaves challenged by different herbivores. On the one hand, chewing Spodoptera littoralis larvae have been used; on the other hand, Cepaea hortensis snails have been used, rasping the plant tissue with their radula. As shown in Figure 1 , in both cases VOC emission was induced and, moreover, the qualitative composition of the volatiles was nearly identical to each other and to that observed after spider mite damage (Dicke et al., 1990) . Only indole was not detected in the headspace of C. hortensistreated lima bean leaves. Although relative amounts of the particular compounds varied to some extent between various experiments, the similarity of the volatile blends in terms of quality suggested induction by similar underlying mechanisms. On a quantitative basis, only the fatty acid derivative octen-3ol, the monoterpene C 10 H 14 , and the sesquiterpenes b-caryophyllene and nerolidol were observed in significantly lower amounts upon snail treatment than upon S. littoralis feeding (Table I ). 
Induction of Volatiles by Continuous Mechanical Wounding
The finding that feeding of spider mites (Dicke et al., 1990) , S. littoralis larvae, and snails induced similar patterns of VOCs in lima bean leaves tempted us to speculate about the common ground in the entirely different feeding processes of the three herbivores. To investigate the impact of leaf tissue damage, we developed and used the computer-controlled unit MecWorm (Fig. 2 ) that can mimic the mechanical treatment of herbivores in terms of long-lasting and continuous wounding. A damage program was applied that punched the leaf every 5 s over a period of about 17 h, resulting in a damaged area of 733 mm 2 , which corresponded to about 20% to 25% of the total leaf surface. The headspace of this plant contained nearly all VOCs that could be detected in the headspace of herbivore-challenged lima bean leaves, except for the minor compounds indole and nerolidol ( Fig. 3A ; Table  I ). However, there were some significant quantitative differences among the treatments. Continuous mechanical damage gave less linalool, 4,8-dimethylnona-1,3,7-triene (DMNT), 4, 8, 3, 7, , and more octen-3-ol than S. littoralis feeding. On the other hand, mechanical damage gave significantly more (Z)-3-hexenyl acetate (Hex-Ac) and octen-3-ol than C. hortensis feeding. Mechanical wounding using a pattern wheel did not induce any substantial volatile emission (Fig. 3B) , confirming the results obtained with razor blade wounding (Spiteller et al., 2001) .
Herbivory induces a systemic volatile response in the infested plants (Turlings and Tumlinson, 1992; Dicke et al., 1993; Rö se et al., 1996) . To investigate whether or not the mechanical wounding also induced a systemic induction of VOCs, both the treated and the nontreated lima bean leaves were analyzed separately. Strikingly, Hex-Ac, three monoterpenes, DMNT, and the phenolic compound methyl salicylate (MeSA) could be detected in the headspace of the opposite nonwounded leaf, although in low amounts (Fig. 3C ). In these experiments, the extent of punching of the corresponding damaged leaf has been carried out to ensure a full VOC response, as shown in Figure 2 (time 5 17 h, 7 min; area 5 733 mm 2 ). This result strongly indicates that continuous wounding is indeed already sufficient to induce a systemic volatile response in the plant.
A shorter time of treatment leading to a smaller damage area resulted in less VOC formation. This observation raised the question as to what is the most important parameter responsible for the volatile induction: the duration of treatment, the size of the treated area, or both? To address this issue, the accumulation of certain VOCs representing typical compounds of different biosynthetic pathways have been analyzed under various conditions in more detail: the fatty acid derivative Hex-Ac, the phenolic compound MeSA, the monoterpene linalool, and the Table I . VOCs emitted from lima bean leaves upon feeding by S. littoralis, C. hortensis, and the mechanical larva MecWorm
The relative amount of the volatiles was determined by the ratio of the peak area of the particular compound (A VOC ) to the peak area of the internal standard (A IS ). Medians over 6 to 10 replications with range of values (minimum to maximum) shown in parentheses are given; treatments and number of compounds according to Figures 1, A The Mann-Whitney U test was used to determine the significance of differences in VOC amounts between S. hortensis and MecWorm. Statistical evaluations were done with SPSS (version 11.5).
c The MannWhitney U test was used to determine the significance of differences in VOC amounts between S. littoralis and MecWorm. These comparisons yielded a P value , 0.05 and were considered to be statistically significant. homoterpene DMNT. A comparison of the relative amounts of these volatiles emitted upon mechanical damage of a defined damage area (313 mm 2 ) in either 2.9 or 16 h (representing a punching event taking place every 2 and 11 s, respectively) showed a significant increase in the concentration of Hex-Ac and linalool associated with the longer treatment, but not for DMNT and MeSA (Fig. 4) . Keeping the time of treatment nearly constant and varying the damage area (16 h, 313 mm 2 and 17 h, 733 mm 2 ) this approach again resulted in a significant increase of emitted Hex-Ac and linalool, as well as DMNT, due to the larger area that was treated. However, the amount of MeSA remained largely unaffected (Fig. 4) . These results suggest an impact of both the time and the area wounded. Thus, the integration of these two parameters based on multiplying time by area was ). B, Treatment with a pattern wheel. C, Collection of volatiles emitted from the nontreated opposite leaf. Identification of compounds was performed by MS (see Fig. 1 ). Experiments have been repeated nine (A), four (B), and eight times, respectively, with similar results. defined as damage level. For quantitative considerations, the relative amount of VOCs was determined by calculating the ratio of the peak area of the particular compound to the peak area of the fixed amount of the internal standard. This calculation has been performed individually for all main compounds found in the headspace of stimulated lima bean leaves. To investigate whether the length of time and the treated area might replace each other in their contribution to a particular damage level, an additional treatment (733 mm 2 , 6.8 h) that had a damage level identical to the one obtained by treatment of 313 mm 2 for 16 h was included in further analyses. As shown in Figure  5 , there was a linear relationship between the damage level and amount of the two fatty acid-derived compounds octen-3-ol and Hex-Ac, the monoterpenes ocimene (C 10 H 16 O), and linalool (C 10 H 14 ), and the sesquiterpene DMNT, respectively. In contrast, for the accumulation of MeSA and the homoterpene TMTT, no obvious correlation was found (Fig. 5) .
Comparison of Herbivore and Mechanical Leaf Damage
To visually compare the mode and extent of leaf wounding caused by S. littoralis caterpillars and the mechanical device, respectively, scanning electron microscopy analysis was performed directly at the site of feeding and punching. As shown in Figure 6 , the feeding zone of S. littoralis larvae is characterized by a straight border that was formed by the biting activities of the insect (Fig. 6, A and B) . The mechanical wounding generated to some extent a small, frayed zone at the borderline (Fig. 6, C and D) . This latter zone was formed due to the conical shape of the aglet that crushed the leaf tissue at its very outer edge. In all cases, about 200 mm behind the border, the leaf tissue cracked open, showing flaws parallel to the zone of treatment.
DISCUSSION
Induction of defense is accompanied by additional metabolic and fitness costs (for review, see Heil and Baldwin, 2002; Kessler and Baldwin, 2002) . Thus, a simple touch or a single wounding event (e.g. by falling twigs) should not initiate the whole machinery of inducible defense responses directed against herbivores. However, in most experiments designed to discriminate the response of herbivore-affected and simply injured tissues, controls have been performed only by a single wounding event. This approach does not take into account that the plant might specifically recognize and discriminate between continuous damage and a single wounding event. Moreover, to analyze the particular contribution of wounding trauma and herbivore-derived elicitors (Alborn et al., 1997; Halitschke et al., 2001 ) on the induction of certain defense responses, it is necessary to imitate the damage during a feeding process as accurately as possible. Surprisingly, snail-infested lima bean leaves qualitatively The relative increase or decrease in the amount of volatiles was determined by the ratio of the peak area of the particular compound (A VOC ) to the peak area of the internal standard (A IS ). Statistical evaluations were done with SPSS (version 11.5). Different letters indicate significant differences between treatments (P , 0.05) according to one-way ANOVA on rank-transformed data. The Student-Newman-Keuls test was used to determine post hoc differences. Sample sizes are n 5 5 (2.9 h, 313 mm 2 ), n 5 6 (16 h, 313 mm 2 ), and n 5 10 (17 h, 733 mm 2 ).
released a very similar bouquet of VOCs as insectdamaged leaves (Fig. 1) , a result that emphasizes the putative impact of wounding. However, we cannot exclude a contribution of yet-unknown snail-derived elicitors in that process.
Based on these considerations, we developed an experimental concept that included all aspects for a highly comparable and reproducible mode to treat plant tissue with respect to naturally occurring herbivory. Consequently, a computer-controlled mechanical caterpillar was designed. The main advantages of this apparatus are its ability to carry out a damage process continuously, for a long defined time, and step by step, only on a small area that is treated by each punching event. Moreover, the time between single punches can be determined as well as the areas to be wounded. To mimic herbivory, this mode of action is clearly superior to other methods that approach the herbivore-induced wounding process, such as razor blades for scratching the leaves (maize, Turlings et al., 1990; Schmelz et al., 2001; P. lunatus, Spiteller et al., 2001 ), a pattern wheel for puncturing leaves (N. attenuata; Halitschke et al., 2001 ; Fig. 3B ), or even simply cutting the leaves (Fig. 1B) . In none of these cases was a volatile profile obtained that resembled herbivory. In contrast, using continuous damage via the mechanical caterpillar on lima bean leaves, we obtained virtually the same blend of volatiles as from actual herbivore damage, although there were some quantitative differences. Strikingly, emission of some VOCs that are typically induced by larval feeding was detected not only localized at the damaged leaf but also systemically upon persisting mechanical treatment. This result contradicts the common view that mechanical wounding alone is not sufficient for the induction of herbivory-like VOC blend (e.g. Alborn et al., 1997; Pare and Tumlinson, 1999; Schmelz et al., 2001) .
For some plants, it has been described that different, but closely related, herbivores can induce different volatile compositions in terms of both quality and quantity and thereby attract the parasitoids selectively (De Moraes et al., 1998) . In one case, even the same species, the lepidopteran herbivore Heliothis subflexa was differently vulnerable to its parasitoid when feeding on different organs of the host plant Physalis angulata. Infested leaves emitted a volatile blend containing linalool and (E)-b-ocimene, whereas infested fruits did not. This was due to the presence (leaves) or absence (fruits) of linolenic acid, a biosynthetic precursor of both the phytohormone jasmonic acid and herbivore elicitors, N-acyl Gln conjugates (De Moraes and Mescher, 2004) . In contrast, Van Poecke et al. (2003) showed that Cotesia parasitoids do not discriminate between volatile blends induced by Pieris rapae, their natural host, and by the nonhost, Spodoptera exigua, when feeding on Arabidopsis (Arabidopsis thaliana) leaves. Moreover, both herbivores induced highly similar gene expression profiles in Arabidopsis, suggesting that the plant response is more general than specific (Reymond et al., 2004) . Furthermore, some predators have a polyphagous prey, as in the case of the predatory mite Phytoseiulus persimilis and the herbivorous spider mite Tetranychus urticae (Helle and Sabelis, 1985) . Thus, P. persimilis faces a large variability in the composition of emitted volatiles. Nevertheless, the presence of certain key compounds, such as MeSA, is sometimes sufficient to attract the predators, as shown for P. persimilis and T. urtica, which were feeding on lima bean (De Boer and Dicke, 2004) . Consequently, it is tempting to speculate that the differences between MecWorm damage and that of the two herbivores may affect the attraction of carnivores or parasitoids. However, whether or not the MecWorm-induced volatile blend can attract any lima bean herbivore-related parasitoids remains to be investigated.
Another aspect of the mechanical caterpillar, and even an advantage over real herbivore feeding, is the fact that it enables us to define and control both time and extent of wounding. That means that a reference is available for the kinetics of volatile synthesis and the amount of emitted compounds. This reference can be the area of destroyed tissue or the duration of wounding or both. Thus, by integrating time and area to a defined damage level, it was obvious that the formation of the fatty acid-derived compounds, monoterpenes, and DMNT is exclusively induced by the wounding process in lima bean, because a linear correlation between the damage level and the amount of these volatiles in the headspace of the plant has been detected (Fig. 5) . On the other hand, the volatile sesquiterpene TMTT, as well as MeSA, displayed a diverse accumulation pattern, suggesting different dynamics or regulation during their induction (Fig.  5C ), a finding that needs further investigation.
In lima bean, the role of N-acyl-Gln conjugates seems to be different compared to maize (Alborn et al., 1997) and tobacco (Halitschke et al., 2001) , as these insectderived elicitors are unable to induce VOCs when exogenously applied to wounds (Spiteller et al., 2001) . Instead, these compounds elicit ion fluxes (Maffei et al., 2004 ) and the up-regulation of salicylate (T. Koch and W. Boland unpublished data) , which in the lima bean even acts antagonistically to the jasmonic acid-induced volatile biosynthesis (Engelberth et al., 2001 ). This raises the question of whether, in lima bean, other yetunidentified compounds might have an elicitor function or whether such chemical signals are not necessary at all. It is tempting to speculate that, in N-acyl-Glnresponsive plants (i.e. volatile production), these and other signal compounds, e.g. Glc oxidase (Felton and Eichenseer, 1999) and other enzymes (Mattiacci et al., 1995; Funk, 2001) , somehow accelerate responses that would develop by continuous wounding as well. It is also conceivable that N-acyl-Glns sensitize the whole system to respond to a much lower extent of wounding than required for simple mechanical damage alone. However, various mechanisms of VOC induction might exist in different plants or plant-herbivore interactions. Genuine traits and response mechanisms to identify continuous mechanical damage of high impact (feeding) should be of outstanding importance for the survival of plants. Without such mechanisms, insects could easily circumvent the plant's defense responses by simply developing feeding habits that avoid the introduction of salivary secretions into the attacked leaf by first cutting and completely removing leaf segments prior to the admixture of secretions. Single wounding of a continuous sequence (insect feeding) may lead to an accumulation of damage-related products (reactive oxygen species, oxylipins, protein phosphorylation, and other effects) until a certain threshold is reached. Above the limit, a set of defense programs is activated typically involved in defense against insect herbivores. In such a scenario, even herbivores that are completely devoid of salivary secretions would finally trigger defense responses in plants. The overall results of this study reveal that the mechanical caterpillar is a valuable tool to dissect the role and impact of wounding and signaling compounds in plant herbivore interactions. It mimics very realistically the feeding process as indicated by the induction of a complete blend of herbivory-related volatiles in lima bean without any addition of signaling compounds. The attractiveness of this blend to various parasitoids of lima bean herbivores will be addressed next to learn more about its biological relevance. A more detailed analysis of the plant responses, including changes in phytohormone levels, reactive oxygen species, and oxylipin accumulation and herbivory-related gene activations, as well as kinetic analyses of inducible compounds upon treatment with the mechanical caterpillar in combination with the application of chemical elicitors, will also be performed in the near future. Furthermore, other plants, such as maize, cotton, and tobacco, are currently being investigated to find out whether or not continuous mechanical damage without simultaneous entrainment of chemical elicitors is generally sufficient to elicit plant defense responses.
MATERIALS AND METHODS
Plant Material
All experiments have been carried out with 12-to 16-d-old freshly detached plantlets of lima bean (Phaseolus lunatus) L. cv Ferry Morse var Jackson Wonder Bush, showing two fully developed primary leaves. Individual plants were grown from seed in a plastic pot using sterilized potting soil. Growing conditions were 23°C, 60% humidity, and 270 mE m 22 s 21 during a 16-h photoperiod.
Animal Material
Larvae of Spodoptera littoralis Boisd. (Lepidoptera, Noctuidae) were grown at 22°C to 24°C and a 14-to 16-h photoperiod in petri dishes or plastic boxes and fed as described previously (Bergomaz and Boppré, 1986) . For feeding experiments, third-instar larvae were used. Adult snails, Cepaea hortensis (O.F. Mü ll.; Stylommatophora, Helicidae), were collected at local meadows near Jena, Thuringia. They were kept in plastic boxes at 22°C to 24°C and a 14-to 16-h photoperiod and fed with lima bean leaves.
Mechanical Caterpillar
The mechanical caterpillar MecWorm (Fig. 2 ) was engineered to user specification for the imitation of wounding that emerges upon caterpillar feeding. In principle, a kind of hole-punching unit, with a metal punch (f 5 0.5 mm), punches out small parts of the treated tissue (Fig. 2, A and B) . The overall time of treatment, as well as the time slice between single punching events, can be defined individually by the user for each experiment. Moreover, the shape (circle, rectangle), area, and exact position of punching can be determined as well by a two-dimensional (x, y) moving punching unit. For example, in a typical experiment, a lima bean leaf has been treated at 6 different sectors (in summary, about 733 mm 2 ) for 17 h, 6 min, and 50 s (time slice 5 5 s) according to 12,322 single punching events (Fig. 2C ).
Electron Microscopy
Pieces of leaves were fixed with 2.5% glutaraldehyde in 75 mM cacodylate buffer, pH 7.0, postfixed with osmium tetroxide, dehydrated in a graded series of acetone solutions, and critical-point dried from liquid CO 2 , mounted on stubs, and coated with 3 to 5 nm platinum with a magnetron sputter coater.
The specimens were examined with a Hitachi (Tokyo) S-4100 field emission scanning electron microscope operated at 5 kV.
Induction Experiments and Analysis of Headspace Volatiles
Plantlets of lima beans were cut with a razor blade and transferred immediately into vials containing tap water. Control experiments indicated no differences concerning volatile response in detached and nondetached leaves, respectively, in contrast to results obtained in maize (Zea mays; Schmelz et al., 2001) . For headspace analyses, the vials containing plantlets were enclosed in desiccators (750 mL) and either six Spodoptera littoralis caterpillars or two Cepaea hortensis snails were allowed to feed on the leaves. Plantlets used for continuous mechanical damage were enclosed in a Plexiglas cabinet (approximately 500 mL) and punched therein for the time indicated. In some cases, only the treated leaf was placed in the cabinet, whereas the opposite leaf was analyzed separately for systemic responses. In the latter case, the opposite leaf was enclosed in a polyester bag (Toppitz, Minden, Germany). Headspace volatiles emitted by lima bean leaves treated with either caterpillars, snails, or the mechanical caterpillar were continuously collected for 24 h on charcoal traps (1.5 mg of charcoal) using air circulation as described; efficient trapping also avoids accumulation of volatiles in the headspace (Koch et al., 1999) and effects associated with some of the emitted volatiles on plant physiology (Farag and Paré, 2002) . All experiments were started at noon. Setups were kept at 22°C to 24°C with a light/dark rhythm of 9 h light, 10 h dark, 5 h light. For all samples, after volatile collection, absorbed compounds were eluted with dichloromethane (2 3 15 mL, supplemented with 1-bromodecan as internal standard [0.9 mM final concentration] and adjusted to a final volume of 40 mL) and directly analyzed by gas chromatography (GC)-mass spectrometry (MS) using fused-silica capillary tubes.
To normalize the data, relative increase or decrease of the amount of VOCs was determined by calculating the ratio of the peak area of the particular compound and the peak area of the internal standard present in all samples analyzed by GC-MS. The damage levels (mm 2 Ás, 3 10 7 ) were determined with 0 (no treatment), 0.33 (2.9 h, 313 mm 2 ), 1.80 (6.85 h, 733 mm 2 ; 16 h, 313 mm 2 ), and 4.52 (17 h, 733 mm 2 ), based on the multiplication of time (s) and area (mm 2 ).
